Heavy exercise increases ventilation-perfusion mismatch and decreases pulmonary gas exchange efficiency. Previous work using magnetic resonance imaging (MRI) arterial spin labeling in athletes has shown that, after 45 min of heavy exercise, the spatial heterogeneity of pulmonary blood flow was increased in recovery. We hypothesized that the heterogeneity of regional specific ventilation (SV, the local tidal volume over functional residual capacity ratio) would also be increased following sustained exercise, consistent with the previously documented changes in blood flow heterogeneity. Trained subjects (n ϭ 6, maximal O2 consumption ϭ 61 Ϯ 7 ml·kg Ϫ1 ·min Ϫ1 ) cycled 45 min at their individually determined ventilatory threshold. Oxygenenhanced MRI was used to quantify SV in a sagittal slice of the right lung in supine posture pre-(preexercise) and 15-and 60-min postexercise. Arterial spin labeling was used to measure pulmonary blood flow in the same slice bracketing the SV measures. Heterogeneity of SV and blood flow were quantified by relative dispersion (RD ϭ SD/mean). The alveolar-arterial oxygen difference was increased during exercise, 23.3 Ϯ 5.3 Torr, compared with rest, 6.3 Ϯ 3.7 Torr, indicating a gas exchange impairment during exercise. No significant change in RD of SV was seen after exercise: preexercise 0.78 Ϯ 0.15, 15 min postexercise 0.81 Ϯ 0.13, 60 min postexercise 0.78 Ϯ 0.08 (P ϭ 0.5). The RD of blood flow increased significantly postexercise: preexercise 1.00 Ϯ 0.12, 15 min postexercise 1.15 Ϯ 0.10, 45 min postexercise 1.10 Ϯ 0.10, 60 min postexercise 1.19 Ϯ 0.11, 90 min postexercise 1.11 Ϯ 0.12 (P Ͻ 0.005). The lack of a significant change in RD of SV postexercise, despite an increase in the RD of blood flow, suggests that airways may be less susceptible to the effects of exercise than blood vessels. magnetic resonance imaging; pulmonary gas exchange; ventilationperfusion mismatch; lung imaging THE STRESS OF EXERCISE HAS numerous effects on the pulmonary system, many of which are increased by longer exercise duration and higher intensity. For example, in most individuals, exercise increases ventilation-perfusion (V A/Q ) mismatch and decreases the efficiency of gas exchange (14, 20, 38) , which manifests as an increase in the arterial-alveolar oxygen difference (A-aDO 2 ) (10, 14, 23). In subjects exercising at an intensity below an O 2 consumption (V O 2 ) of 4.0 l/min, V A/Q mismatch comprises most of the A-aDO 2 (41). Additionally, V A/Q mismatch has been shown to increase with increasing duration of moderate or heavy exercise (20), and changes in the patterns of V A/Q matching persist after exercise lasting into the recovery period (38). We have previously shown using a magnetic resonance imaging (MRI) technique known as arterial spin labeling (ASL) that, in the recovery period after 45 min of heavy exercise at the ventilatory threshold [ϳ75% maximal V O 2 (V O 2 max )], the spatial heterogeneity of pulmonary perfusion is increased compared with preexercise baseline, and this effect persists for at least 1 h postexercise (7).
THE STRESS OF EXERCISE HAS numerous effects on the pulmonary system, many of which are increased by longer exercise duration and higher intensity. For example, in most individuals, exercise increases ventilation-perfusion (V A/Q ) mismatch and decreases the efficiency of gas exchange (14, 20, 38) , which manifests as an increase in the arterial-alveolar oxygen difference (A-aDO 2 ) (10, 14, 23) . In subjects exercising at an intensity below an O 2 consumption (V O 2 ) of 4.0 l/min, V A/Q mismatch comprises most of the A-aDO 2 (41) . Additionally, V A/Q mismatch has been shown to increase with increasing duration of moderate or heavy exercise (20) , and changes in the patterns of V A/Q matching persist after exercise lasting into the recovery period (38) . We have previously shown using a magnetic resonance imaging (MRI) technique known as arterial spin labeling (ASL) that, in the recovery period after 45 min of heavy exercise at the ventilatory threshold [ϳ75% maximal V O 2 (V O 2 max )], the spatial heterogeneity of pulmonary perfusion is increased compared with preexercise baseline, and this effect persists for at least 1 h postexercise (7) .
Although controversial, there is evidence that the mechanism responsible for exercise-induced V A/Q mismatch is interstitial pulmonary edema (26, 27, 37, 38) . This is suggested to be because translocation of fluid into the interstitial space acts to mechanically compress small blood vessels and airways, thus altering the local resistances, affecting V A/Q matching (38) . Since the branching structure of the lung is such that the airways and blood vessels branch together, the spatial distribution of ventilation may show a similar increase in heterogeneity after exercise to that of blood flow. However, changes in the spatial distribution of ventilation after exercise are unknown. We hypothesized that the heterogeneity of regional specific ventilation (SV) following sustained exercise would be increased compared with preexercise resting conditions, in a similar way as the previously reported effect on perfusion (7) .
To test this, we used a recently developed functional MRI technique known as SV imaging (SVI) that allows the assessment of the spatial distribution of SV (35) , the local tidal volume-to-functional residual capacity ratio. Using SVI and ASL (2, 6), we measured the spatial distribution both of SV and of pulmonary blood flow in healthy athletic subjects before and after sustained heavy exercise consisting of 45 min of cycling at ventilatory threshold (7) . This is an exercise intensity and duration that have been previously shown to induce V A/Q mismatch in most athletic individuals (20) and thus might be expected to cause postexercise disruptions in the distribution of ventilation and perfusion.
Six healthy, athletic subjects, 4 men, 2 women (age ϭ 23.5 Ϯ 2.5 yr, mean Ϯ SD, weight ϭ 74.0 Ϯ 15.8 kg, V O2 max ϭ 61.4 Ϯ 6.9 ml·kg Ϫ1 ·min Ϫ1 ) were recruited. Subjects gave written, informed consent and were screened for magnetic resonance (MR) contraindications with MRI safety questionnaires. Subjects also completed physical activity readiness questionnaires, pulmonary function testing, medical history, and a physical examination before their involvement in the study to rule out any previously undiagnosed disease or conditions. Subject characteristics are depicted in Table 1 .
Study Design
At a preliminary testing session, subjects underwent a progressive incremental test to V O2 max on a cycle ergometer to determine their ventilatory threshold. The ventilatory threshold is used by athletes to define the maximal sustainable intensity for prolonged aerobic exercise and thus was used to provide a workload for the exercise task. At least 48 h later, subjects returned for the imaging/exercise session. Spirometry was performed before baseline imaging. After the baseline imaging session (performed in supine posture), an arterial catheter was inserted into the radial artery for blood sampling, and then subjects performed 45 min of exercise at a V O2 corresponding to their previously determined ventilatory threshold. Following the exercise task, subjects completed spirometry again before the imaging protocol was repeated twice, at 15 and 60 min postexercise. A time line of data acquisition is given in Fig. 1 .
Preliminary Testing
The subjects performed a standard test of V O2 max (ParvoMedics TruMax 2400 system, Sandy, UT) using a progressive incremental test to volitional fatigue on a cycle ergometer (Excaliber, Quinton Instruments, Groningen, The Netherlands). The starting workload was 50 -150 W, depending on body size and sex, and the workload was increased by 25 W (women) or 30 W (men) every minute until exhaustion. Workload (Watts), heart rate (beats/min), and V O2 (calculated in liters per minute and milliliters per kilogram per minute) were recorded during testing. Ventilatory thresholds of the subjects were determined using the V-slope method (4), also noting the target corresponding workload and heart rate to be used for the 45-min exercise task. Table 1 contains V O2 max and heart rate data obtained from this preliminary test and the workload used to determine the 45-min exercise task.
Data Collection
No less than 48 h after preliminary testing, subjects returned to the laboratory for further testing, consisting of spirometry, MRI measurements of lung density, pulmonary blood flow, and SV before and after 45 min of heavy exercise at ϳ75% of V O2 max.
Spirometry
Spirometry was performed in the standing position before and immediately after exercise using an EasyOne spirometer (NDD Medical Technologies, Zurich, Switzerland). Forced expiratory volume in 1 s, forced vital capacity, ratio of forced expiratory volume in 1 s to forced vital capacity, and, forced expiratory volume 25 to 75th percent are reported in Table 2 .
MRI Data Collection
The subject was placed supine in the MRI scanner wearing a face mask (6500 series V2 mask, Hans Rudolph), equipped with a nonrebreathing valve (Hans Rudolph, 2700). The inspiratory port of the valve was connected to a remote controlled valve, allowing a change from breathing room air to breathing 100% oxygen from a large gas-tight bag, for SVI. The outlet of the valve was connected to a 6-m-long, low-resistance expiratory line, leading out of the scanner room, where metabolic data were measured using the ParvoMedics Metabolic Measurement System, (ParvoMedics, Sandy, UT). Reference phantoms were placed on the anterior chest wall so as to be within the field of view (FOV) of the scans, permitting absolute quantification of blood flow and lung density (17) . The subject lay on the posterior element of an eight-channel cardiac coil, and the anterior elements were placed directly on the chest wall. Images for a single 15-mm sagittal slice were acquired during brief (ϳ1 s) breath holds at functional residual capacity with the subject voluntarily respiratory gating. The right lung was chosen to eliminate motion artifacts from the aorta and heart in the left hemithorax. The image slice was positioned in the midclavicular line to capture the maximum anteriorposterior diameter of the lung, and the image slice position was referenced to the spinal cord so that it could be duplicated when the subject was repositioned in the scanner after exercise. All MR data were collected using a GE Signa 1.5T HD EXCITE clinical scanner (General Electric, Milwaukee, WI), with Operating System 14x-M5. This system is a short-bore design with a bore diameter of 60 cm. The RF subsystem ("EXCITE") provides 16 quadrature (8 independent) high-bandwidth (1-MHz sampled) receiver channels.
Regional SV Quantification Using MRI
SV is the ratio of the volume of fresh gas (⌬V) entering a region of lung to the end-expiratory volume (V 0) of that region (i.e., SV ϭ ⌬V/V0) (28, 33) . Thus SV is a dimensionless quantity that measures the tidal expansion of that region relative to its end-expiratory volume (35) . SVI is a proton MR technique capable of quantifying regional SV in a lung slice (35) . In short, this technique is based on the following: the presence of oxygen dissolved in tissues shortens the longitudinal relaxation time (T 1) of tissues, which alters the local MR signal intensity (11) . A regional higher O2 tissue concentration results in a shorter T1, resulting in an increase in signal intensity for T1-weighted images (11) . The rate of change of the alveolar O2 concentration following a sudden change in fraction of inspired oxygen is determined almost entirely by the local SV (35) : lung regions with a higher SV reach a new equilibrium faster than those with lower SV. Thus the regional SV is quantified on a voxel-by-voxel basis by determining the MR signal intensity change on T 1-weighted images. These images are acquired at end expiration (FRC) on a self-gated series of successive MR images, following fraction of inspired oxygen changes (0.21 to 1.00), while simultaneously measuring tidal volume (40) . Validation of SVI against multiple breath nitrogen washout demonstrates that SVI describes the mean and width of the SV distribution with a high degree of validity (36) .
The complete description of the technique used can be found in Ref. 40 . Briefly, the MR images were acquired by an inversion recovery single-shot fast spin echo half Fourier acquisition, with a FOV of 40 cm ϫ 40 cm, in a 15-mm-thick tissue slice. Images were acquired at a 256 ϫ 128 resolution and reconstructed to 256 ϫ 256; thus each voxel was ϳ1.6 mm ϫ 1.6 mm ϫ 15 mm. The inversion pulse was cardiac-triggered to maximize the amount of stationary blood and was acquired following an inversion time delay of T 1 ϭ 1,100 ms, (close to the T1 of blood), ensuring maximal signal difference between the O2-enhanced breaths and the room-air breaths (9) . A functional MRI block design approach was implemented with an image acquired every 5 s: 20 images while breathing room air, followed by 20 breaths of 100% O 2. This cycle was repeated five times with an additional 20 breaths on oxygen added to the last cycle to give added resolution of slowly equilibrating lung units (low SV). A total of 220 images were acquired, over 18 min (35) . SVI data were acquired at three time points: during preexercise (baseline) and at 15 and 45 min post exercise.
MR Blood Flow Imaging
Pulmonary blood flow was measured using a two-dimensional FAIRER (flow-sensitive alternating inversion recovery with an extra radio-frequency pulse) ASL sequence, with a half-Fourier acquisition single shot turbo spin echo readout (2) . This technique has been extensively described in previous reports (1, 7, 29) and has been validated against a flow phantom (24). Cardiac triggered tag and control images were acquired in short breath holds (1-2 s), acquired 5-s apart, at end-expiration following normal tidal breaths. An imaging delay time of 700 -960 ms was used (equal to 80% of the R-R interval, set individually for each subject), and repetition time ϭ 5 s. The slice thickness was 15 mm, and FOV was 40 cm ϫ 40 cm. To ensure data quality, tag and control pairs were acquired in triplicate during each ASL measurement. Each ASL blood flow image was constructed from the subtraction of two consecutive ASL tag, and control images and the results from the triplicate subtracted images were averaged. The ASL imaging was performed twice at each time point, before and after each SVI acquisition, thus bracketing these measures. The resulting data [mean, standard deviation, relative dispersion (RD), and fractal dimension] from the two preexercise measures were averaged, thus giving five time points for pulmonary blood flow: preexercise, 15 min postexercise, 45 min postexercise, 60 min postexercise, and 90 min postexercise.
Since large conduit vessels can be a significant source of signal that is not capillary perfusion to the slice, voxels with a signal intensity greater than 35% of the maximum were eliminated as described (8) . Blood flow data were expressed as milliliters per minute per cubic centimeter and also normalized for regional lung density (measured below), and expressed as milliliters per minute per gram.
MR Lung Density
In addition to the ASL acquisition at each time point, a proton density image was also acquired in the same slice using a multigradient echo sequence to quantify regional lung water (18, 40) . This technique has been validated, is highly reliable, and shows excellent agreement with gravimetric measures of total lung water, but cannot distinguish between water in intravascular and extravascular compartments (18) . The decay rate of the signal is backextrapolated to an echo time of zero on a voxel-by-voxel basis by fitting the signal acquired at two echoes to a single exponential and converted to a measure of lung water density using the measured signal from the reference phantom. Sequence parameters are repetition time ϭ 10 ms, flip angle ϭ 10°, slice thickness ϭ 15 mm, FOV ϭ 40 cm ϫ 40 cm, receiver bandwidth ϭ 125 kHz, and a full acquisition matrix of 64 ϫ 64.
Coil Inhomogeneity
A multichannel torso coil was used to maximize signal-to-noise ratio for the measurements of SV and pulmonary blood flow. Images acquired with the torso coil are reconstructed from eight coils that may have different sensitivity profiles and thus suffer from signal inhomogeneity, based on proximity of lung regions to the coil elements. While not a problem for SV, since it measures the rate of change and not the absolute change in signal intensity, the blood-flow images must be corrected for this inhomogeneity. Paired lung density images from the torso coil were acquired preexercise, 15 min postexercise, and 60 min postexercise and used with the density images acquired from the body coil described above to correct for torso coil inhomogeneity in all acquired blood flow images on an individual subject basis, as described in earlier studies (7, 21) .
Arterial Sampling
After the baseline, resting MRI data were acquired, and a radial artery catheter (20 gauge) was inserted percutaneously with local anesthetic using sterile technique. A sterile thermocouple (IT-18, PhysiTemp, Clifton, NJ) was inserted into the hub of the arterial catheter to monitor blood temperature. Arterial blood samples were taken in duplicate; at rest; during the exercise task at 10, 20, 30, and 45 min of exercise; and at 15, 45, and 90 min postexercise. A total of 16 samples were drawn into 3-ml preheparinized syringes for arterial blood-gas assessment and stored on ice until analyzed for arterial PO 2 (PaO 2 ), arterial PCO2 (PaCO 2 ), and pH using an IL GEM 3000 blood gas analyzer (Instrumentation Laboratories, Lexington, MA). All bloodgas values were corrected to the subject's blood temperature measured during sample collection. The results from the duplicate samples at each time point were averaged.
Exercise Task
Following the insertion of the arterial catheter, subjects performed 45 min of cycling exercise at a V O2 consistent with their previously determined ventilatory threshold. The workload averaged ϳ255 Ϯ 62 W across subjects over the duration of the test. Throughout the exercise task, heart rate and metabolic parameters (V O2, V O2, carbon dioxide production, respiratory exchange ratio, and minute ventilation) were monitored to confirm that the subjects reached the target level of effort.
Data Analysis
Mean SV and lung blood flow were calculated for the images acquired, as previously described (2, 35) . SV for nondependent, middle, and dependent thirds in the sagittal plane was also calculated to detect a possible effect across gravitational regions. Additionally, because changes specific to the lung base might be expected to arise from cycling in a largely upright posture, SV in apical, middle, and basal lung thirds was also calculated.
To characterize the heterogeneity of the distribution of SV and pulmonary blood flow, two indexes were used: 1) the spatial relative dispersion (RD ϭ SD/mean); relative dispersion is a global measure of spatial heterogeneity without considering the specific anatomical location of heterogeneity, with larger relative dispersion values designating greater heterogeneity (29); and 2) fractal dimension, which allows for the analysis of pulmonary blood flow and SV heterogeneity distribution independent of voxel size and is indicative of branching structure (12) . Fractal dimension was computed by calculating the relative dispersion of the image in progressively larger blocks centered on each voxel for the SV and blood flow images. Values for fractal dimension of a distribution range between 1.0 and 1.5; a fractal dimension of 1.0 suggests a homogeneous distribution, and 1.5 a spatially random distribution (12, 21) .
Statistical Analysis
Statistical analysis was performed using repeated-measures ANOVA (Statview 5.0, SAS Institute, Cary, NC). For SV and related measures of spatial heterogeneity (RD and fractal dimension), there were two repeated measures, time of measurement and lung region with three time points (levels) for time of measurement (preexercise, 15 min postexercise, and 60 min postexercise), and three regions for lung region (in the gravitational direction: nondependent, middle, dependent lung; in the cephalocaudal direction: apical, middle, and basal). For pulmonary blood flow, there was one repeated measure, time of measurement, with five levels (preexercise, 15 min postexercise, 45 min postexercise, 60 min postexercise, and 90 min postexercise). For arterial blood-gas data, Pa O 2 , PaCO 2 , and A-aDO2, there was also one repeated measure for time of measurement with eight levels: preexercise; 10, 20, 30, and 45 min during exercise; and 15, 45, and 90 min postexercise. When overall significance was present, post hoc testing was done with Fischer's protected least squares difference. All data are presented as means Ϯ SD, with the null hypothesis rejected if P Ͻ 0.05, two tailed.
RESULTS
All subjects tolerated the study well. Descriptive characteristics of subjects, including exercise capacity, are reported in Table 1 . There were no significant changes in the measured spirometry variables comparing pre-and 5 min postexercise (Table 2) .
Arterial Blood Gases
Arterial blood-gas data are given in Table 3 . (Table 3) . No statistically significant differences were seen in Pa CO 2 throughout the upright cycling exercise task compared with preexercise or recovery.
SV
Mean values. Example SV images are given in Fig. 2 . Mean SV data are given in Table 4 . There were no significant changes in mean SV (preexercise 0.34 Ϯ 0.07, 15 min postexercise 0.33 Ϯ 0.07, 60 min postexercise 0.31 Ϯ 0.05, P ϭ 0.11), indicating that mean SV had returned to baseline values at the time of postexercise imaging.
Lung regions. As expected, SV was statistically different (P Ͻ 0.001) across lung regions, nondependent, middle, and dependent, consistent with the previously known gravitational gradient in ventilation (35) , but there was no significant interaction between lung region and time postexercise (P ϭ 0.69), indicating that the gravitational gradient in SV was not significantly altered after exercise.
Measures of heterogeneity. A summary of mean values for relative dispersion of SV are given in Fig. 3 and Table 4 and for fractal dimension in Table 4 . The heterogeneity of SV as measured by relative dispersion (Fig. 3) Fig. 4 . Three subjects showed a small increase in the relative dispersion of SV: one a decrease, and two no change. Figure 5 shows data for the three time points of measurement of relative dispersion of SV across gravitational regions. There was no significant effect time of measurement on relative dispersion of SV (P ϭ 0.69) in this regional analysis, indicating that these lung regions showed a similar pattern of response.
Given that the exercise task was done upright, RD was evaluated in the apical, mid, and basal one-thirds of the lung, corresponding to nondependent, middle, and dependent gravitational regions in upright posture. There was also no significant effect of time of measurement on RD of SV (P ϭ 0.42) when this regional analysis was considered (data not shown).
Pulmonary Blood Flow
Mean values. Mean pulmonary blood flow data are shown in Table 4 . Mean pulmonary blood flow both in milliliters per minute per cubic centimeter and milliliters per minute per gram was not significantly different at any time point after 45 min of heavy exercise (P ϭ 0.08 and P ϭ 0.2, respectively), suggesting that cardiac output had returned to baseline levels by the time scanning took place.
Measures of heterogeneity. Mean values for RD of pulmonary blood flow are given in Fig. 3 and Table 4 and for fractal dimension in Table 4 . Individual responses for RD of pulmonary blood flow (ml·min Ϫ1 ·cm
Ϫ3
) are shown in Fig. 4 . The RD of mean pulmonary blood flow (both in ml·min Ϫ1 ·cm Ϫ3 and ml·min Ϫ1 ·g
Ϫ1
) was significantly increased postexercise compared with rest (P Ͻ 0.005 and P Ͻ 0.05, respectively). Additionally, RD was still elevated 90 min postexercise. However, fractal dimension of pulmonary blood flow did not change significantly (P ϭ 0.21 and P ϭ 0.95 for ml·min Ϫ1 ·cm Ϫ3 and ml·min Ϫ1 ·g
, respectively) postexercise.
Lung Density and Calculated Total Lung Water
Proton density data are given in Table 4 . There were no statistically significant differences in mean lung density in the imaging slice from preexercise, 0.23 Ϯ 0.07 g H 2 O/cm 3 lung, 15 min postexercise, 0.24 Ϯ 0.04 g H 2 O/cm 3 lung, and 45 min postexercise, 0.22 Ϯ 0.03 g H 2 O/cm 3 lung (P ϭ 0.26). As expected, lung density was significantly different between dependent, middle, and nondependent lung regions at all time points (P Ͻ 0.001), but was not significantly different at any time postexercise in the different regions (P ϭ 0.88). Calcu- 
DISCUSSION
Consistent with our laboratory's previous study (7) , the relative dispersion of pulmonary blood flow was significantly increased after exercise and remained elevated through recovery. However, in the present study, after sustained heavy exercise, we found no statistically significant changes in the heterogeneity of the spatial distribution of SV, as measured by the relative dispersion. The lack of significant changes in SV heterogeneity, combined with changes in pulmonary blood flow heterogeneity, suggest that the effect of heavy exercise on the airways is less marked than the effect on the blood vessels.
Exercise and the Lung
It is well known that exercise causes a decrease in the efficiency of gas exchange, resulting in an increase in the A-aDO 2 (10, 14, 19, 38) . V A/Q mismatch has been shown to comprise most of the A-aDO 2 during exercise in sedentary subjects and up to 70% of the A-aDO 2 during maximal exercise in highly trained endurance athletes (41) . V A/Q mismatch has been shown to worsen with increasing duration and intensity of exercise and, during prolonged submaximal exercise, accounts for virtually all the A-aDO 2 (20) . The mechanism of the increase in V A/Q mismatch with exercise is not completely elucidated. However, the accumulation of interstitial edema resulting from an increase in pulmonary vascular pressure leading to fluid transudation exceeding lymphatic transport capacity (22, 38) has been suggested as the most likely explanation. Such fluid would be expected to alter local resistances in small blood vessels and perhaps airways, affecting local flow and V A/Q matching. This has been discussed at length (27, 39) , and there is considerable experimental evidence to support this idea. For example, exercise in normobaric hypoxia increases V A/Q mismatch significantly, and this effect is mitigated by breathing 100% oxygen (15) . Since hypoxia increases pulmonary arterial and mean capillary pressures, and this effect is alleviated by 100% oxygen breathing, this is consistent with vascular pressures as being important in the development of V A/Q mismatch. Subjects who develop V A/Q mismatch during exercise have greater V A/Q mismatch in recovery compared with those who do not (38) . This difference extends up to 20 min postexercise, long after cardiac output and ventilation normalize to resting levels (7, 20, 38) . This idea is further supported by histological studies in animal models showing that, in the lungs of pigs postexercise, there was a significantly greater number of pulmonary arteries with perivascular cuffing, compared with nonexercise control animals (38) . Such cuffs would be expected to cause mechanical compression and, by altering local resistances and flow, disrupt V A/Q matching (38) . Consistent with this idea, our laboratory has previously shown in a similar population of subjects, that the same exercise task increases the spatial heterogeneity of pulmonary blood flow after exercise, and the magnitude of the changes were correlated with V A/Q mismatch measured using MIGET (7). Taken together, this evidence suggests that pulmonary edema is likely the primary mechanism of V A/Q mismatch in exercise (25, 31, 37, 38) , but is not proof of this mechanism. Since airways and blood vessels travel together in the lung parenchyma, collectively this information suggests that both the spatial distribution of ventilation, as well as that of pulmonary blood flow, has the potential to be adversely affected by heavy exercise and thus might be expected to show changes in the recovery period.
Different Responses of Blood Flow and Ventilation
In the present study, we found an increase in the spatial heterogeneity of pulmonary blood flow postexercise in all but one subject (see Fig. 4 ), which was statistically significant, consistent with our previous work (7). However, contrary to our hypothesis, in the recovery period after 45 min of heavy exercise, the heterogeneity of SV was not significantly increased. Individually, the relative dispersion for SV after exercise increased in three subjects, did not change for two subjects, and decreased for one subject (Fig. 4) . The reasons for this individual variability are unknown. It is notable that the changes in the heterogeneity of SV were not well correlated with the changes in heterogeneity of perfusion (R 2 ϭ 0.28). However, this finding raises the possibility that some subjects may be vulnerable to the development of increased heterogeneity in SV after exercise, while others are not. In addition, these findings may not be characteristic of a broader population, particularly of nonathletes.
Despite any individual variability, the results of the present study suggest that blood vessels are affected differently during and after exercise than airways. There are several possibilities that might explain this finding. For example, bronchodilation is well known to occur as a result of exercise (5, 13, 42) , would be expected to increase the caliber of conducting airways, and may offset any potential effect of exercise acting to alter the distribution of SV. However, arguing against this, in our study, there were no statistically significant changes observed in spirometry after exercise (Table 2) .
Alternately, if the cause of our findings of increased heterogeneity of pulmonary blood flow after exercise is the accumulation of interstitial pulmonary edema during exercise, blood vessels may be more vulnerable than airways, to either the development of edema in the adjacent interstitial space, or the effects once edema has accumulated. In the previously mentioned animal study, although the number of perivascular cuffs was increased in exercised animals, interestingly, there was no significant increase in the number of airways with peribronchial cuffing compared with resting controls (37) . In resting dogs, when infusion of saline is used to induce pulmonary edema, there is a pattern of central migration of the edema fluid around blood vessels, but not airways (32) . Finally, there is evidence that perivascular fluid cuffs cause an increase in alveolar tissue resistance in rats, without an increase in airway resistance (30) . Our finding of increased blood flow heterogeneity in the absence of significant increases in SV heterogeneity postexercise is consistent with the finding of perivascular, but not peribronchial, cuffing in these animal studies, but is of course not proof of this mechanism. Altogether, this suggests that the airways and blood vessels, and thus the distributions of ventilation and perfusion, may respond differently following heavy exercise. Compared with SVI, which takes 18 min, pulmonary blood flow using ASL is acquired from two images obtained in ϳ10 s. Consequently, because of the different acquisition times for blood flow and SV data, temporal averaging is different between our blood flow and ventilation measurements. Thus one possible explanation for the differences we observed after heavy exercise between the two measures may be an artifactual result of differences in temporal averaging. To gain an estimate of the magnitude of this problem, we used data from a recently published paper to evaluate the effect of a longer period of temporal averaging on the measured heterogeneity of blood flow measurements (3). This prior study acquired multiple ASL tag and control pairs for ϳ15 min (180 breaths, 90 subtracted tag and control pairs), and thus was of a comparable duration to the SVI acquisition. Individual subject data were aggregated into a single temporally averaged blood flow image, representing 15 min of temporal averaging. The relative dispersion of the temporally averaged image was compared with the average relative dispersion for the 90 individual images in each of the time series. The relative dispersion of the temporally averaged image was lower, but the decrease was small (relative dispersion ϭ 0.80 for the individual blood flow maps, 0.74 for the 90 image average, Ͻ8% difference). Although in this prior study data were collected at rest, and thus transient changes were not expected, since the relative dispersion of blood flow in the present study increased by 15% after exercise compared with ϳ4% change in SV, the differences in temporal averaging between the two types of data are unlikely to explain the results of our study. This is especially true since each type of image (SV or blood flow) was compared with the same type of image before and after exercise.
Since preparation of the subject for MRI scanning after the exercise task took ϳ10 min, blood flow and density measurements took ϳ5 min, and 18 min were required to complete a SV acquisition, another possibility is that any changes in airways incurred during exercise may have resolved by the time SV data were acquired. Indeed, it is notable that, at the time of our first measurement, the A-aDO 2 was not significantly different from the preexercise baseline value. Thus the timing of our measurement may have missed significant changes in the distribution of SV that were present during exercise and the early postexercise period, but resolved by the time of imaging. Although V A/Q mismatch (as measured by the multiple inertgas method) has been shown to persist for at least 20 min after exercise (38) , and our laboratory has previously shown that pulmonary blood flow heterogeneity is elevated for at least 1 h after a similar exercise task (7), we are unable to rule this out as a possibility, and this is a limitation of the present study. However, if this is the case, since the changes in blood flow heterogeneity in the present study persisted for at least 1 h postexercise, this also implies that recovery from exercise in airways and blood vessels differs.
Exercise and Gas Exchange
In the present study, there was a marked increased in A-aDO 2 (23.3 Ϯ 5.3 Torr) during 45 min of heavy exercise at ventilatory threshold, consistent with previous studies (10, 19, 22) . When gas exchange during sustained heavy exercise was evaluated with the multiple inert-gas technique (20) , V A/Q mismatch explained all of the A-aDO 2 . Since the present study used a similar exercise task and athlete population as that prior study, the most likely cause for the increased A-aDO 2 in our subjects is also V A/Q mismatch and not the other possible contributors to the A-aDO 2 , such as diffusion limitation or shunt. Disruption in V A/Q matching can result from changes in the distribution of ventilation, or of the distribution of perfusion, or a combination of both.
In the present study, A-aDO 2 returned to normal after exercise, indicating no significant gas exchange impairment in recovery. This might seem paradoxical since the changes in blood flow heterogeneity are present at least 1 h into recovery. However, if as suggested, previous heavy exercise creates cuffing affecting blood vessels (7), but not airways, this would be expected to create areas of high V A/Q ratio. These high V A/Q regions will have a normal or even elevated alveolar PO 2 , and thus will have little effect on the A-aDO 2 . Any redistribution of blood away from cuffed regions would tend to create regions of low V A/Q ratio, affecting gas exchange during exercise while overall flow was high, but with little effect when cardiac output fell in recovery. Although this idea is speculative, we evaluated the previously published multiple inert-gas data of Hopkins et al. (20) , which used a similar exercise task and duration as the present study, to determine whether there was development of regions of high V A/Q ratio (with a V A/Q ratio between 10 and 100) during prolonged heavy exercise. In that prior study, both ventilation and blood flow to high V A/Q regions increased from rest after heavy exercise (ventilation: 0.7 Ϯ 0.6% rest, 6.7 Ϯ 2.4% 1 h, P Ͻ 0.005; blood flow 0.1 Ϯ 0.1% rest, 2.4 Ϯ 2.0% exercise, P Ͻ 0.05), supporting this idea.
Lung Water
It might be expected that, if interstitial edema was the cause of the changes seen in the distribution of pulmonary blood flow postexercise, there would be a net increase in total lung water in our subjects. We did not see a significant increase in total lung water (which includes contributions from both intravascular and extravascular water) in the present study, which is potentially inconsistent with interstitial edema as a cause of our findings. However, fluid shifts from the intravascular space into the interstitium could result in interstitial edema with no net change in the total fluid content of the lung. Pulmonary blood volume has been reported to decrease following exercise in athletes (16) , consistent with this idea. Some studies have shown an increase in extravascular lung water (ϩ0.021 g/ml) of extravascular water (normalized for ml of lung) seen with exercise during a similar exercise task (31) . In our lung slice, this would correspond to an increase of ϳ4 g of extravascular water, and it may be that this change is too subtle to detect using our measurement, especially if there were any corresponding reduction in the intravascular space. Indepen-dent measures of intravascular and extravascular lung water would quantify any net shift; however, it is not currently possible to distinguish these two compartments with our technique.
Assumptions and Limitations
There are some potential sources of error and technical limitations to our study that warrant discussion. Presently, SVI measurements cannot be made during exercise because of motion artifact, resulting in image blurring and registration issues. Additionally, supine exercise is difficult to perform at high workloads (34) , and breath holding during heavy exercise between the long series of images taken to measure SV presents an additional challenge. Thus, in the present study, we can only infer that the changes observed postexercise reflect any changes that occurred during exercise.
The algorithm used to calculate SV assumes that every subject reproduces identical tidal breaths to FRC for all 220 repetitions. Subject movement, deviations in tidal volume, and/or failure to return to FRC before each acquisition may result in small mis-registration of consecutive images. For this reason, the true resolution of the SVI measurement is lower than the nominal image resolution, as the response of neighboring voxels is averaged as a consequence.
SVI acquisition is limited to a single 15-mm slice of the lung, representing ϳ10% of the lung. In our study, we imaged the right lung to avoid image artifact from cardiac motion, and the changes in this slice may not necessarily represent changes in SV across the entire lung. However, in these young, healthy subjects, there is no reason to suspect large differences in physiological response between lung regions, provided care is taken to sample the lung appropriately, such that both dependent and nondependent lung regions are included in the images slice.
The limitations and errors associated with the ASL-FAIRER method to measure pulmonary blood flow have been described in a recent publication (8) . As discussed in that paper, the signal from larger conduit vessels does not reflect capillary perfusion, as the blood contained in these vessels is destined for a distal capillary bed. To address this issue, we masked out voxels from the image with signal intensity greater than 35% of the maximum signal in the blood flow images. For our relatively lateral slice location, this threshold results in the removal of large conducting vessels, while minimizing the amount of perfusion (defined as delivery of blood to a capillary bed) that is removed from the analysis (8) . Thus the signal that remains largely represents blood flow (ϳ90%) (8) .
Another issue that needs to be addressed is whether or not this study had adequate statistical power to support the conclusion reached, particularly in light of the small number of subjects studied. The repeated-measures design of this study, combined with good reliability of measurements (test-retest correlations for SVI were 0.76) in part offsets the potential lack of power risked by small numbers of subjects. There was a highly significant change in blood flow heterogeneity, which increased over 15% from the preexercise baseline, demonstrating that statistical power was adequate for this variable. However, we did not see a significant change in the relative dispersion of SV, which was, on average, 3.8% greater at the first postexercise time point compared with preexercise. For this change to be significant, if in fact it was maintained in a larger population of subjects, post hoc power calculations indicate that 88 subjects would be required for adequate power to show a change of this statistically. Thus this change is small and not likely to be a factor of major biological importance.
Conclusions
We examined the effect of recovery from heavy sustained exercise on the spatial distribution of SV in human subjects. We found no statistically significant changes in mean SV or heterogeneity of SV after exercise. However, we did find significant increases in pulmonary blood flow heterogeneity during recovery from heavy exercise. Combined with the lack of changes in distribution of SV, and associated measures of heterogeneity, our results suggest that the effect of heavy exercise on the airways is less marked that the effect on the blood vessels.
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